We estimated the patellofemoral joint forces generated during pedaling on a bicycle ergometer. Our calculations were based on measurements from a force transducer mounted on the pedal, 16-mm cine-film sequences, and biomechanical models of the cycling motion and of the patellofemoral joint. Six healthy male subjects cycled at different work loads, pedaling rates, saddle heights, and pedal foot positions. The maximum patellofemoral compressive force was 905 N (1.3 times body weight [BW]) when cycling with an anterior foot position at 120 W, 60 rpm, and middle saddle height. The mean peak compressive force between the quadriceps tendon and the intercondylar groove was 295 N (0.4 BW), and the patellar-tendon and quadriceps-tendon strain forces were 661 N (0.9 BW) and 938 N (1.3 BW), respectively. The patellofemoral joint forces were increased with increased work load or decreased saddle height. Different pedaling rates or foot positions did not significantly change these forces.
The knee load moments acting about the anteroposterior knee joint axis are about 25 N . m in a varus direction and 3 N . m in a valgus direction. 7 The tibiofemoral peak compressive force and the anteriorly directed peak shear force mainly stressing the anterior cruciate ligament recently were estimated to be about 1.2 and 0.05 times body weight (BW), respectively. 10 Nisell and Ekholm constructed a biomechanical model for estimating the magnitude of patellofemoral compressive forces, patellar-tendon and quadriceps-tendon strain forces, and compressive forces between the quadriceps tendon and the femoral intercondylar groove. 11 Their study showed that with a constant knee flexion load moment (counteracted by knee extension), the patellofemoral compressive force increases with an increased knee flexion angle. At knee flexion angles greater than 90 degrees, however, the patellofemoral compressive force diminishes slightly. The magnitude of the knee flexion load moment and the degree of knee joint flexion present are the decisive factors for the patellofemoral joint force magnitudes during various activities. In ergometric cycling, the maximum knee flexion load moment is significantly increased by a work-load increase or by a saddle height decrease. 8 Different pedaling rates or foot positions do not significantly affect the magnitude of the maximum knee flexion load moment. 8 In this study, we used the data presented on knee load moments during ergometric cycling 8 and a biomechanical model for patellofemoral joint forces 11 to calculate the patellofemoral joint forces induced. The purpose of our study was to quantify the magnitude of patellofemoral compressive forces obtained during ergometric cycling. We estimated the compressive forces between the quadriceps tendon and the intercondylar groove and the strain forces in the patellar and quadriceps tendons achieved during cycling. Changes in these forces caused by changes in ergometric work load, pedaling rate, saddle height, or pedal foot position also were studied.
METHOD Subjects
The subjects were six healthy men aged 20 to 31 years, ( = 25.3 years), who gave their informed consent to participate in the study. Their average height and weight were 1.8 m (s = .06) and 71.3 kg (s = 5.0). The subjects were students with ordinary daily and recreational cycling experience. None of the subjects suffered from locomotor pain, previously had undergone joint surgery, or had a history of musculoskeletal disorders. 
Procedure
We used a bicycle ergometer* with weight brakes and a specially instrumented pedal to study the following variables: Table 1 shows the different test combinations studied. We chose to exclude combinations 8 and 10 from the biomechanical analysis. Cycling in the highest saddle position and using the posterior foot position (combination 10) gave an unnatural cycling position with tendencies to have pelvic rocking and hip motion in the frontal plane. To eliminate systemic effects of fatigue, we randomized the internal sequence of the 11 different test situations.
When one of the four variables was changed and studied, the other three were held constant. The only exception was that when the pedaling rate was changed (40, 60, 80, and 100 rpm), a braking weight of 2 kg was used and hence the work loads were 80, 120, 160, and 200 W, respectively. The different work loads were regulated by adding weights (0, 2, and 4 kg) to the weight-braked bicycle ergometer. We chose 120 W, 60 rpm, middle saddle height, and anterior foot position as the constant variables, which is the combination referred to as standardized ergometric cycling. The various saddle heights were adjusted to the nearest fixed position with a maximum error of ± 1.5 cm. The handlebars were kept level with the saddle. The cyclist's trunk was inclined forward 20 to 30 degrees from the vertical position. All subjects were allowed to warm up and familiarize themselves with cycling on the specially instrumented bicycle ergometer. They practiced at all of the different work loads, pedaling rates, saddle heights, and foot positions included in the study.
All measurements were taken on the left lower limb. A piezoelectric quartz force transducer † was mounted in the left pedal. The equipment allowed us to measure forces in the three orthogonal dimensions (x, y, and z). We used the x and z forces in the sagittal plane to calculate the moments of force about the bilateral knee joint axis. The forces were recorded on a UV recorder.
‡ We mounted a switch on the bicycle ergometer for marking on the UV recorder the top position of the crank for each revolution. Using a specially designed time indication panel with a light-emitting diode display giving a bar representation of time in units down to 1 msec, we could record time on the UV recorder parallel to the force and crank top positions. The different test situations were filmed using a 16-mm cine-film camera § that shot 60 frames a second, mounted perpendicular to the sagittal plane of the subject at a distance of 3.5 m. To identify landmarks for the bilateral hip, knee, and ankle joint axes, we placed dye marks on the skin at about 1 cm anterior and superior to the tip of the great tubercle of the femur, at the center of the lateral femoral epicondyle, and at the tip of the lateral malleolus. Time, as indicated by the time indication panel, was visible on each film frame.
The subjects cycled for about 30 seconds during each test before we took the measurements. A metronome enabled each subject to find and maintain the correct pedaling rate. We filmed the subjects and recorded the forces during fivesecond intervals. One of the approximately five revolutions recorded on the UV recorder was selected and analyzed throughout the complete pedal revolution. We analyzed the film with an Analector ANL4 projector," which allowed us to freeze the film and trace the picture at approximately 15-degree intervals of the crank angle. The positions of the hip, knee, and ankle joint axes were determined using the traced pictures. The pedal and joint angles were measured from the cine-film. The x and z force values corresponding to each picture were read from the UV recorder.
The model used in this study for calculating knee load moments was based on dynamic mechanics, which took into account the dynamically induced forces and moments caused by forces of inertia and translational motions of the lower limb. 9 The knee load moments had been calculated previously from known crank angles, pedal plane angles, joint positions, and pedal reaction forces. 8 
Patellofemoral Joint Force Analysis
Biomechanical models of the patellofemoral joint, based on anatomical data and mechanical principles, have been presented and explained in detail elsewhere. 11 Using this patellofemoral joint model (Fig. 1) is denoted dp. The magnitude of the patellofemoral compres sive force (Fcp), the patellar-tendon strain force (Fp), the quadriceps-tendon strain force (Fq), and the compressive force between the quadriceps tendon and the femoral inter condylar groove (Fcq) may be determined by the following equations: Fp = Mk/dp (1)
Fq = Fcp (cos e) + Fp (cos Ψ) (3)

Data Analysis
The significance of changes in patellofemoral joint forces caused by changes in work load, pedaling rate, saddle height, and foot position was determined statistically using a onefactor analysis of variance (ANOVA) for repeated measures. The level of significance was set at .05. 
RESULTS
The
DISCUSSION
In our study, the peak Fcp induced during standardized ergometric cycling was calculated to be 905 N (1.3 BW), which may be similar to compressive forces obtained during other activities. Nisell estimated the patellofemoral joint forces during various activities using knee moment and knee joint angle data reported by others. 12 The maximum Fcp induced during standardized ergometric cycling is similar to that induced during normal level walking. 13, 14 The Fcp pro duced during cycling is about 50% of that produced when ascending stairs 15 and 20% of that generated when descending stairs. 15 During maximum isokinetic knee extension at 30°/ sec, the Fcp is about 10 times that induced during cycling. 16 One must consider that the magnitude of the Fcp induced during cycling depends almost entirely on the ergometric work load or saddle height used, not on the subject's body weight. The Fcp expressed as BW, therefore, will be relatively smaller for heavier subjects. Our results show that the compressive forces (Fcp and Fcq) obtained during cycling could be decreased even more by a reduction in work load or an increase in saddle height. The magnitude of Fcp induced during cycling is governed by the magnitude of knee load moment and the knee joint angle. When the saddle height was decreased, the knee load moment increased significantly, and the knee joint angle increased. 8 Consequently, the patellofemoral joint forces induced at lower saddle heights increased.
The clinical experience is that some people complain about anterior knee joint pain induced during cycling. 17 The cause of this pain is unclear. The compressive forces are similar to, or somewhat higher than, those produced during normal level walking, but lower than those produced during most other activities. The main difference between cycling and walking is that the knee is much more flexed during cycling. Fairbank et al proposed that anterior knee joint pain is caused by overuse, such as repetitive loading. 18 Nisell and Ekholm earlier stated that patients with load-elicited pain from the patellofemoral joint might be advised to avoid knee angles above 30 degrees under loaded conditions. 11 As recently discussed by Nisell, however, the magnitude of the patellofemoral contact area varies with knee joint angle. 12 The largest contact area is reported at 60 to 90 degrees of knee flexion, and the smallest contact area occurs when the knee is straight. 19, 20 Consequently, the patellofemoral pressure, even when the knee is almost straight, may be considerable, although the compressive forces seem to be comparatively low. In cycling, the knee is flexed more than 30 degrees during most of the revolution of the crank. Dickson stated that many bicycle riders make two major errors; they either set the saddle too low or set the gears too high. 17 To avoid development of anterior knee pain, therefore, saddle height must be adjusted properly and the work load should not be too high.
The Fcq occurred at large knee flexion angles with a peak of 295 N at the 108-degree knee angle. This Fcq has been discussed in the literature and might lead to compression of the upper part of the suprapatellar bursa, in some cases even causing pain. [20] [21] [22] [23] We only can speculate about the etiological factors influencing anterior knee pain induced for some people during cycling, but factors such as increased knee flexion and compression of the suprapatellar bursa and the patellofemoral joint certainly are of considerable importance.
Lindberg relied heavily on the use of the bicycle ergometer in the treatment of patients with patellofemoral pain syndrome. 3 He stated that a bicycle ergometer enables physical training with loads ranging from light to heavy. Using minimum resistance, a situation is created that replicates passive movement of the knee joint. As soon as possible, Lindberg's patients were put on the bicycle ergometer, using minimum or no load, and the resistance was increased gradually. The bicycle exercise was used both for improving joint mobility and muscle strengthening. 3 Based on the results of our study and the clinical use of cycling reported elsewhere, we believe that cycling may be a valuable exercise in the treatment of patients with patellofemoral pain syndrome. Proper attention, however, must be given to the appropriate adjustment of work load and saddle height.
